Introduction
Skin cancer, in the sum of basal cell carcinoma (BCC), squamous cell carcinoma (SCC) and malignant melanoma (MM), is the most frequent cancer in the white population worldwide. Skin cancer incidence increases worldwide. This introduces a huge health problem in many countries and increases the financial burden on the health systems. However, the main risk factor for the induction of skin cancer is known: UV radiation. Furthermore, detected early, skin cancer is nearly 100% curable. These facts are the main reasons that skin cancer is highly preventable by means of primary prevention (avoidance of risk factors) or secondary prevention (early detection).
For early detection of skin cancer, it is necessary to use suitable risk (group) markers to identify persons early enough on their possible way to developing skin cancer. A number of markers are already known (such as skin type and number of nevi). However, the aim is to increase the sensitivity and specificity of early detection efforts (for example in screening programs) by the use of molecular markers or biomarkers in the field of molecular epidemiology.
This review, therefore, summarizes the skin cancer problem, introduces some criteria of molecular epidemiology and gives a short survey of new biomarkers for skin cancer development, progression and metastasis as well as for the use as prognostic markers. The review mainly describes the results of gene expression profiling using
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array techniques (without going into technical details) to identify new biomarkers. Special attention is directed to the new, fascinating and important field of identification of epigenetic biomarkers for skin cancer development. The review likes to highlight the enormous potential of very promising examples of new techniques and scientific directions on hand, without any claim of completeness. Especially, the functionality of any new biomarker in practice, for example in the clinics or in intervention programs of primary prevention and in secondary prevention, cannot be discussed in detail because in most cases this has still to be tested in the future. However, where possible, indications for functionality will be given.
The review focuses on BCC, SCC and MM. Other forms of skin cancer like cutaneous T cell lymphoma, Karposi's sarcoma, Merkel cell carcinoma, sebaceous carcinoma, atypical fibroxanthoma and microcystic adnexal carcinoma comprise only about 1% of all forms of skin cancer and are, although important and serious diseases, mostly not dealt with in primary and secondary prevention of skin cancer.
Epidemiology of Skin Cancer
Three types of skin cancer, BCC, SCC and MM, sum up to the most frequent cancer worldwide. For MM, the incidence increases steeper than for any other type of cancer. Data for the nonmelanocytic skin cancers (NMSCs, BCC and SCC) show incidences in the range of 1,000,000 new cases/year (USA, 2005) [1] and about 100,000 new cases/year (Germany, 2003) [2] . Eighty percent of these are found on sun-exposed areas of the human body [3] .
Corresponding numbers for MM (the most deadly skin cancer, 20-25% of diagnosed patients die) are about 62,000 new cases/year (USA, 2006) [4] and about 15,000 (Germany, 2004; Robert-Koch-Institut: http:// www.rki.de). Most melanoma occur on sun-exposed areas of the body. Estimated 10-year survival rates for patients without evident metastases range from 88% for those patients with tumors ^ 1 mm without ulceration to 32% for those patients with tumors 1 4 mm with ulceration [5] .
Skin cancer incidence is still increasing in most countries [6, 7] , although some stabilization has been observed for parts of Western Europe and Scandinavia [7, 8] . Nevertheless, being the most frequent cancer, skin cancer represents a huge problem for the public. The personal, medical, clinical and, last but not least, financial burden of skin cancer has therefore to be reduced by means of primary prevention and early detection.
Environmental Risk Factor(s)
Although environmental arsenic exposure [9] or certain types of human papillomaviruses (as cofactors in association with UV) [10] have been considered to play a role during the pathogenesis of NMSC, the overwhelming number of epidemiological and experimental investigations recognized UV radiation as the main environmental risk factor [11] [12] [13] [14] [15] [16] . The role of UV radiation in melanomagenesis has been discussed in the past decades, because MM etiology also strongly depends on genetic predispositions (for example, allelic variances in the melanocortin 1 receptor) [17] . However, recent epidemiological and experimental investigations, which are mainly dealing with UV-associated induction of benign nevi and the UV-induced mutation patterns, for example in the BRAF -gene (in nevi), clearly underline once more the important role of UV radiation as a risk factor for MM [11, [18] [19] [20] [21] [22] . It is furthermore important to consider that different types of skin cancer have a different dependence on UV exposure patterns. Whereas MMs are mainly induced by intermittent UV exposure (such as sunburns) [11, 18, 20] , SCC induction is highly dependent on cumulative UV exposure. BCC induction depends on cumulative as well as intermittent exposure patterns [11] .
Because the main environmental risk factor in the etiology of skin cancer, UV radiation [regardless of its natural (sun) or artificial (sunbeds) origin], is known, skin cancer is one of the key cancers which can be prevented by means of primary prevention (avoiding, reducing risk; see Prevention and Early Detection).
Etiology of Skin Cancer
In recent years a huge amount of information has been collected in the fields of genetics, molecular pathways and cellular changes which are important players in skin cancer induction, promotion, progression and metastasis. There is not enough space in this review to deal with these topics in detail. However, excellent reviews exist and selected examples can be found in the reference list [23] [24] [25] [26] [27] [28] [29] [30] .
Very briefly summarized, there is convincing evidence that BCC etiology is highly dependent on dysregula-tion of the hedgehog signaling pathway, whereas for SCC etiology, p53-regulated pathways are of outstanding importance. For MM, at least 3 molecular pathways have been found to be nearly invariably dysregulated in melanocytic tumors, including the RAS-RAF-MEK-ERK pathway (through mutation of BRAF, NRAS or KIT ), the p16 INK4A-CDK4-RB pathway (through mutation of INK4A or CDK4 ) and the ARF-p53 pathway (through mutation of ARF or TP53 ). Less frequently targeted pathways include the PI3K-AKT pathway (through mutation of NRAS, PTEN or PIK3CA ) and the canonical Wnt signaling pathway (through mutation of CTNNB1 or APC) [31] .
It is to be expected that future research, dealing with biological markers, will give further insight into the etiology of skin cancer. Very recent findings in the field of stem cell research furthermore show very clearly that epidermal stem cells and their uncontrolled regulation on the genetic and epigenetic level, are the main cell targets involved in skin carcinogenesis [31] [32] [33] [34] [35] [36] [37] . Investigating the genetic and epigenetic regulation of (cancer) stem cell fate, therefore, will enduringly increase our knowledge about etiology as well as about (bio-)markers indicative for progression, staging and metastasis of skin cancers (see Epigenetic Markers for Molecular Epidemiology of Skin Cancer).
Prevention and Early Detection
Because UV radiation is known as the main risk factor for development of skin cancer and because it is known that early stages of skin cancer can be cured with good prognosis, skin cancer is the ideal cancer to be combated by means of primary and secondary prevention (early detection) as well as tertiary prevention, which already includes therapy and rehabilitation. Primary prevention of skin cancer can be achieved by continuously informing and educating the public about the risks of UV exposure. This is done, for example, in huge information campaigns like the 'Slip (on a shirt), Slop (on some sunscreen), Slap (on a hat)' initiative and the following SunSmart campaign in Australia (http://www.sunsmart.com.au) or the periods of live program (POLP) in Germany [38, 39] , which provide certain age groups as well as their caretakers like parents, kindergarten teachers, teachers and physicians with special adapted information about a responsible exposure to UV radiation to avoid skin cancer risk.
Secondary prevention of skin cancer deals with early detection of skin cancer or precancerous lesions in order to find early stages of the malignancy which can be cured with good prognosis. This can be done in screening campaigns, either in form of a mass screening (as performed at the moment in Germany), as a risk group screening or as combinations of these.
Risk groups for NMSCs are known, for example, persons with skin type I, persons suffering from actinic keratosis (AK, the precancerous lesion of SCCs) or those which already were diagnosed for BCC or SCC. Persons at risk for MM are those with skin type I, with an MM in their own or family history, with high numbers of melanocytic nevi, with clinical atypical nevi or with congenital nevi [40] [41] [42] .
Although these risk group markers are already quite specific, it is the aim to increase the specificity and sensitivity of early detection programs (screening) by the use of more objective molecular markers or biomarkers. This might be even more important if one uses these biomarkers to identify early stage in development, progression and metastasis of skin tumors or for clinical prognosis. At his point, methods of molecular epidemiology come into play.
Molecular Epidemiology and Biomarkers
Traditional epidemiology tries to identify environmental and/or lifestyle factors that increase or reduce the risk of specific diseases, especially cancer [43] . This has long been performed in a kind of a black box approach where certain exposures have been correlated with, for example, certain cancer outcomes without knowing much about the reactions and processes (the main components of the black box) between exposure and cancer. Nevertheless, traditional epidemiology has been used for a long time to cast some light into the black box in order to find some biologic plausibility as an important criterion to assign causality [43] . However, this has often been done by extensive use of questionnaires and interviewbased approaches in order to find at least associations of a certain exposure with a certain type of cancer. Yet, these methods are often biased by subjective failures to remember exact time points of appearance of, for example, preclinical symptoms of a disease, individual behavior in the environment and other individual components of life style. Especially the difficulties in an accurate, mostly retrospective determination of personal exposure (patterns) limit our ability to find an objectively determined connection between exposure, lifestyle and cancer. This also limits a more detailed knowledge about the etiology of many kinds of cancer which is needed to be used as a basis for cancer prevention strategies [43] .
The use of new molecular markers as well as the use of new methods in molecular epidemiology will help us to objectify our knowledge on reasons responsible for cancer induction, promotion and progression as well as processes involved between exposure and appearance of cancer. This, in turn, will lead to an important contribution of molecular (cancer) epidemiology to a better understanding of cancer etiology, which will yield a better scientific basis for strategies to be used in primary and secondary prevention of cancer.
Molecular epidemiology assesses the biological basis for an association between an environmental carcinogen and the occurrence of cancer by using biological markers (biomarkers) to assess exposure, internal dose, biological effective dose, altered structure/function, invasive cancer diagnosis, tumor metastasis and prognosis as well as susceptibility [43] . This can be visualized by the scheme shown in figure 1 .
According to a definition given by the International Agency for Research on Cancer, the term biomarker refers to indicators of exposure and/or events in biological systems or samples. However, there is no strict boundary between different classes of markers, and several markers can be considered to belong to more than one class. It is also possible that a certain biomarker is composed of several molecular events which only in the sum of their actions might have some predictive value. Furthermore, a very important issue when dealing with new biomarkers is the test of their functionality. New technologies like high-throughput array techniques give only first hints about the possible use of new biomarkers, which then have to be tested under practical conditions. Table 1 summarizes examples for classes of biomarkers which might be used in the field of skin cancer (see Examples for Biomarkers in Skin Cancer). It shows a number of already known biomarkers (such as erythema and CDKN2A mutation) as well as examples of new possible biomarkers (see Epigenetic Markers for Molecular Epidemiology of Skin Cancer).
Examples for Biomarkers in Skin Cancer
Several classical biomarkers have already been used in the field of skin cancer which fit into the categories summarized in table 1 (see Exposure Markers to Markers of 
Exposure Markers Erythema
Many dermatological studies have proven that mainly UVB irradiation causes DNA damage which activates inflammatory processes leading to erythema of the skin. A mean minimal erythemal dose (MED) has been determined, from a large number of individual measurements, for humans belonging to skin type II. The value of 1 MED corresponds to 210 J/m 2 . The time to reach MED is UV irradiance dependent. For example at UV indices of 2, 4 and 8 (which represent erythemically weighted measurements of increasing solar UV irradiance), the MED is reached at 100, 50 and 25 min, respectively. Erythema might be seen as a good example for a biomarker belonging to different classes, that is, it could serve as a marker of exposure as well as of internal dose ( table 1 ) .
Number of UV-Induced Benign Nevi in Childhood
Benign UV-induced nevi are one of the main risk factors for the development of MM. A dependence of the number of nevi on intermittent UV exposures (such as sunburns) has been demonstrated in a number of investigations [44] [45] [46] [47] [48] [49] [50] . Recent work furthermore shows that UV-induced formation of melanocytic nevi takes place already in early childhood [18] and that induction is possible at suberythemal [18] UV doses in the case of certain genetic predispositions [51] . In a huge meta-analysis, Gandini et al. [40] were able to show that the increased number of UV-induced nevi (120 vs. ! 15) increased the (pooled) relative risk for development of MM by a factor of nearly 7. These results clearly add further evidence to the prominent role of UV radiation in melanoma development.
Marker of Internal Dose
Induction of Cyclobutane Pyrimidine Dimers in DNA of UV-Exposed Skin Cells UV photon absorption by DNA leads to photochemical conversion of absorbed energy into photodimerization between adjacent pyrimidine bases. According to an action spectrum, UVB is about 1,000 times more effective than UVA to induce this kind of photodimerization [52] . Photodimerizations between adjacent pyrimidine bases are by far the most prevalent photoreactions resulting from the direct action of UV radiation. Two major photoproducts are formed via this reaction pathway: the cyclobutane pyrimidine dimer (CPD) and the pyrimidine(6-4)pyrimidone photoproduct (6-4PP). However, using the same wavelength of excitation in the UVB, 6-4PPs are induced only at 15-30% the rate of CPDs [53] . Difference between traditional and molecular epidemiology (adapted from Chen [43] ) .
Color version available online
Using fluorescently labeled monoclonal antibodies against CPD and a calibration with a radioimmuno assay [52] , it was recently shown that a UVB dose of 300 J/m 2 is able to induce several hundred thousands of CPDs per genome per cell [54] . Induction of CPDs is UV dose dependent as well as the repair of these lesions via nucleotide-excision repair (NER). Increasing the UV(B) dose and the amount of premutagenic CPDs leads to an increase in the time constant for NER to remove CDPs [54, 55] . Furthermore, deficiencies in NER of CPDs have been linked with increased risk of cutaneous MM and NMSCs [55] [56] [57] .
Therefore, measurements of induction and of repair characteristics of CPDs represent a useful biomarker of internal dose.
Markers of Biologically Effective Dose
Signature Mutations When CPDs are not repaired, these DNA lesions can lead to mutations in the DNA sequence. Mutations in the form of C ] T and CC ] TT transitions are known as UV signature mutations [58] [59] [60] [61] . These mutations have long been believed to be a specific signature for UVB radiation. However, recent work points into the direction that also UVA induces CPDs which lead to UV signature mutations [62] [63] [64] .
UV signature mutations have been detected in a number of tumor suppressor genes and oncogenes (including, for example, patched, p16, ras and p53 ) in human SCC, BCC and MM [65] . Because the important biological function of p53 results from transcriptional activation of a large number of genes involved in fundamental cellular processes like cell cycle control, apoptosis, DNA replication, repair, genome instability and senescence, it is not surprising that genetic alterations of the p53 gene have most frequently been found in human tumors [66] and especially in skin cancers like SCC, BCC and precancerous actinic keratoses [67] [68] [69] [70] [71] . Convincing models for the initial steps of UV carcinogenesis, especially for SCC, already exist [72, 73] , based on findings that p53 mutations in nonmelanoma skin cancers are detected at higher frequency (50-90%) than those in internal malignancy and that the predominant alterations are C ] T and CC ] TT transitions at dipyrimidine sites [67] .
Persistent UV-Induced DNA Damage Mitchell et al. [74] exposed Skh-1 hairless mice with suberythemal doses of chronic UVB for 40 days and analyzed the amount and distribution of CPDs. It could be shown that CPDs accumulated as a result of chronic irradiation and that the damage persisted in the epidermis and the dermis over several weeks. While these persistent CPDs were evenly distributed in the dermis, we found a small number of heavily damaged cells in the basal layer of the epidermis up to 50 days after the chronic treatment. CPD-retaining basal cells (CRBCs) are not apoptotic and disappeared when the skin cells were induced to proliferate by treatment with a tumor promotor or a sunburn dose of UVB [74, 75] . At the same time, a slight increase in p53-mutated cell clones was found in the skin. In a following study it could then be shown that the occurrence of CRBCs is not limited to mouse skin, since similar heavily damaged cells were found in human skin [75] , even more then 6 weeks after in vivo irradiation.
Since it has been shown that a small number of mouse skin cells which possess low proliferation activity and retain certain labels (BrdU) as well as DNA damage are epidermal stem cells [76] [77] [78] [79] , the occurrence of CRBCs in skin suggests that these persisting cells are epidermal stem cells. These results are supported by very recent findings in the mouse skin cancer model [80] . We investigated the correlation between CRBCs in human skin and sun exposure history by quantifying CRBCs in skin biopsies taken from parts of the body with different sun exposure histories. A good correlation between sun exposure of skin areas where the biopsies had been taken from and the number of CRBCs in the basal layer of epidermis could be documented [Greinert et al., submitted] .
These findings suggest that the CRBCs which are observed in mouse and human epidermis are very likely epidermal stem cells which could function as progenitors of skin cancer (stem) cells. The genetic and epigenetic regulatory pathways which are involved in this stem cell-related skin cancer model are currently under investigation. Regardless of the model, CRBCs might be used as a biomarker for assessing skin cancer risk in a human population exposed to UV radiation.
Markers of Altered Structure/Function
Chromosome Aberration BCC and SCC frequently show losses of chromosomal fragments, leading to, for example, losses of heterozygozity (LOH) [81] . In BCCs, LOH is mostly restricted to chromosome arm 9q, whereas LOH in SCCs is found in a larger group of chromosomal positions, including 3p, 9p, 13, 17p and 17q [13] . The human homolog of the Dro-sophila patched gene (PTCH) , located at chromosome 9q22.3, is frequently altered in both nevoid BCC syndrome and sporadic BCCs. Danaee et al. [82] also studied alterations of the PTCH gene locus in SCC. They analyzed LOH at 5 markers in and around the PTCH gene in 276 keratinocyte tumors and found a high prevalence of a LOH at 9q22.3 in both BCC (75.5%) and SCC (60.8%). Specifically, the PTCH gene was lost in 60% of BCC and 50% of SCC tumors. Among SCC tumors, 9q22 LOH was significantly more likely to occur in those who tend to burn (p ! 0.05), and this association was strongest for tumors that occurred on sun-exposed areas of the body (p ! 0.04). Additionally, 9q22 LOH occurred more frequently in SCC tumors associated with a history of severe sunburns (p ! 0.08). Overall, these data support the hypothesis that loss of PTCH is a common, early lesion for SCC and BCC [82] , and that chromosomal alterations in certain gene loci might be used as biomarker for UV (sun) exposure in the past [for example, if they appear in persisting epidermal (stem) cells].
Chromosome alterations are also found in MM. LOH at 9p21 (the locus of the CDKN2A (p16INK4a) gene) is linked with both familial and sporadic melanoma [13, 84] and has been linked with early steps in melanoma development [84] .
Markers of Susceptibility
Skin Type Skin type is the classical hereditable susceptibility marker which renders persons with a certain skin type (pigmentation type) more or less sensitive to UV radiation and UV-induced skin damage, for example, erythema. Human skins have constitutionally different solar sensitivities, depending on the amount and quality of melanins which are produced in epidermal melanocytes. For the purpose of evaluation of skin sensitivity, specific skin types, ranging from type I (no tanning, melanocompromised) to type VI (black skin, melanoprotected), have been defined. In the basic meta-analysis of Gandini et al. [40] , it has been analyzed that the relative risk to suffer from MM is, for example, 2-fold increased for skin type I compared to skin type IV.
Heritable Mutations
Gene mutations in special genes, which are hereditable and render their carriers more susceptible to skin cancer in any phase of its development, are of great importance to understand the etiology of skin cancer and to identify persons at risk as early as possible during primary and secondary prevention of skin cancer. A number of genes have already been described.
XP genes, which are responsible for essential steps in nucleotide excision repair, NER, are mutated in patients suffering from xeroderma pigmentosum, whose risk to develop skin cancer is more than 1,000-fold increased [85] .
Patients suffering from the nevoid basal-cell carcinoma syndrome show heritable mutations in the tumor suppressor gene patched (PTCH) . PTCH was cloned from the locus for nevoid basal-cell carcinoma syndrome. It was shown afterwards that a large portion of sporadic BCCs also carries PTCH mutations and leads to the discovery of the importance of the sonic hedgehog signaling pathway for developing BCCs [86] [87] [88] .
An important risk factor for MM is a positive family history of melanoma. Family cases, however, constitute only a small portion (1-2%) of all cutaneous melanoma [89] . In these families, melanoma susceptibility is enhanced by mutation in the cyclin-dependent kinase inhibitor gene CDKN2A and the cyclin-dependent kinase CDK4 gene. These genes have been shown to confer elevated risk in 20-40% of melanoma-prone families [89] . CDKN2A codes for 2 important tumor suppressors (p16INK4A and p14ARF), which play important roles in cell cycle control and apoptosis, and mutations in CDKN2A impair the function of both p53 and pRB pathways [90] , indicating that these mutations are important for many cancers including nonfamilial MM [91] . Gandini et al. [40] Certain special molecular markers have been described in the past which might be able to characterize different stages in melanoma development and progression. For example [for a recent review, see Utikal et al. 92 ] , the melanoma inhibitory activity (MIA) protein, which is strongly expressed in melanoma cells but not in melanocytes, rep-resents a key molecule regulating melanoma progression [93, 94] . MIA has been shown to interact with fibronectin and integrins, thereby inhibiting cell-matrix contacts and enabling cells to migrate and invade other tissues which may provide a mechanistic explanation for the role of MIA in metastasis [94] . However, MIA is not only a progression marker. Its role in melanoma development has also been well documented. It was shown, for example, that MIA regulates the expression of transcriptional regulators like MITF and PAX3 which are known to play an important role in melanoma development [95, 96] .
Phosphorylated signal transducers and activator of transcription (pSTAT1, pSTAT3) have recently been reported to function as another important potential biomarker of melanocytic transformation and progression. It has been shown that STAT3 is constitutively activated in melanoma and the pSTAT1/pSTAT3 ratio has been evaluated as a potential prognostic index, with higher pSTAT1/ pSTAT3 ratios in tumor tissue predicting improved overall survival of patients [97] . Furthermore, in a prospective trail, the correlation between pSTAT3 expression and the severity of histopathological atypia and architectural disorder in atypical nevi, which are a prominent risk factor for MM [40] , has been studied [98] . According to cytomorphology, atypical nevi were grouped into 3 categories [99] [100] [101] : mild, moderate and severe atypia. Taking this kind of classification, Wang et al. [98] were able to show that the baseline expression level of pSTAT3 is positively associated with the degree of atypia in nevi [98, 101] . The possibility to discriminate between different types of atypia of nevi via the baseline expression level of pSTAT3 seems to indicate that pSTAT3 is a biomarker with sufficient functionality for practical approaches.
These are only 2 examples, which already show that molecular staging of melanoma might be possible on a molecular level, but further research is needed to show which molecular markers might be suitable to function as risk, progression and prognostic molecular markers of MM and of other skin cancers in the future. Finding those markers will surely be facilitated by further straightforward use of high-throughput array techniques in order to give a first orientation to find biomarkers which can be used in primary and secondary prevention of skin cancer.
Results from the Use of Array Techniques
Melanoma A number of groups have already looked for up-and downregulation of genes in melanoma compared with healthy cells and tissues using relatively small-size expression arrays [102] [103] [104] [105] [106] [107] . The results of this studies disagree largely. This has been explained by the use of small platforms, few replicates and insufficient statistical stringency [108] . A systematic analysis of 3 studies [109] [110] [111] using larger arrays showed that each study identified putative molecular transformation markers, but only 2 differentially expressed genes (CITED1 and CDH3) could be identified in common by all groups [110] . This is a remarkably low yield for highly sophisticated array techniques.
However, Hoek et al. [110] recently performed an analysis that shows that DNA microarray programs of sufficient scope may identify, with high reproducibility, a large number of genes whose expression are changed significantly in melanoma. The analysis shows 86 genes which undergo significant and reproducible downregulation in melanoma cells. Furthermore, the top 150 genes (from a total of 1,610) which undergo significant and reproducible upregulation in melanoma are listed. These genes involve a number of factors well known in melanoma research, such as the downregulation of epithelial cadherin, dipeptidyl peptidase IV and c-Kit or the upregulation of known melanoma antigens (MAGEA6, MAGEA3, MAGEA12 and PRAME), neurological cadherin and osteopontin. In addition, the upregulation of the Notch-2 gene seems to confirm earlier findings showing the Notch signal pathway to be one of the main drivers in melanoma transformation [110] . However, less familiar changes in gene expression are also found, such as the downregulation of a putative tumor suppressor (WAP 4-disulfide core domain 1, WFDC1) or the upregulation of tumor protein D52 (TPD52) , which have not been associated with MM until now. It is interesting to note that the above-mentioned studies do not report significant changes in expression of genes, which are known from a variety of molecular genetic investigations to be important for the etiology of melanoma, for example CDKN2A (p16/INK4a, p14/p19ARF) and BRAF , genes for DNA repair processes like the XP gene family involved in NER, genes responsible for cell cycle control like cyclin-dependent kinases (CDK2, CDK4, CDK6) or genes involved in apoptosis (BAX, FAS, CASP) . This might indicate that more than expected and even unknown candidate genes might be involved in melanomagenesis, which have to be tested for their functionality to serve as biomarkers.
Recently, however, it could be shown that defective cell cycle checkpoint functions in melanoma are associated with altered patterns of gene expression [112] . Defects in DNA damage response may cause genetic instability and malignant progression in melanoma. Because DNA double-strand breaks appear to be a feature of early and late stages of melanomagenesis [113, 114] , ionizing radiation was used to induce DNA double-strand breaks in normal human melanocytes, melanoma cell lines and DNA damage checkpoints acting in the G 1 and G 2 phase of the cell cycle were analyzed [112] . It turned out that normal human melanocytes displayed effective G 1 and G 2 checkpoint response. The majority of melanoma cell lines (11/16), however, displayed a significant defect in 1 or both checkpoints. Melanomas with BRAF mutations displayed a defect in DNA damage G 2 checkpoint function. In contrast the epithelial-like subtype of melanomas with wild-type NRAS and BRAF displayed an effective G 2 checkpoint but a significant defect in G 1 checkpoint function. Using a 44,000-element human genome 60-mer oligonucleotide microarray, it could furthermore be shown by RNA expression profiling that melanoma cell lines with defects in DNA damage G 1 checkpoint displayed reduced expression of p53 transcriptional targets, such as CDKN1A and DDB2 , and enhanced expression of proliferation-associated genes, such as CDC7 and GEMININ . It is interesting to remember that the CDKN1A gene product, p21 Waf1 , is a tumor suppressor with important functions in cell cycle control [30] . On the other hand, germline inactivation of DDB2 in humans causes xeroderma pigmentosum (complementation group E) with a significantly increased risk of development of skin cancer including melanoma [115] . Furthermore, DDB2-defective cells display reduced expression of p53 and concomitant attenuation of p53-dependent apoptosis and signaling in response to UV-induced DNA damage [116] . These results, thus, indicate that genes involved in cell cycle control and/or DNA damage response (for example, after UV irradiation) might be important markers for melanoma progression.
In a recent publication, Yang et al. [117] pointed out that UV-induced molecular changes might be responsible for tumorigenesis of melanoma. The authors measured UV-mediated alterations in over 47,000 transcripts in human primary melanocyte cultures using Affymetrix Human Genome U133 Plus 2.0 microarrays.
From the 100 most statistically robust changes on transcript level, there were 84 genes that were suppressed 1 2-fold and 99 genes that were induced 1 2-fold by UV radiation (UVB radiation at a dose of 500 J/m 2 ) when analyzed 24 h after irradiation. Using a pathway analysis program, the authors could identify a group of p53 target genes which were consistently elevated by UV radiation in 6 independent melanocyte cell lines. This group includes again the cell cycle regulator CDKN1A and the DNA repair enzyme DDB2 (see above) as well as the receptor tyrosine kinase EPHA2, growth factor GDF15, ferrodoxin reductase FDXR, p53-inducible protein TP53I3, transcription factor ATF3, the ␤ -adrenergic receptor ADBR2 and the WNT pathway regulator DKK1 (dickkopf homolog 1). Interestingly, by using quantitative PCR, the authors could furthermore show that in melanoma cell lines 3 genes of this group -CDKN1A, DDB2 and ADRB2 -exhibit a trend towards loss of expression in melanoma. This raises the possibility that early UV response genes like CDKN1A and DDB2 also play a role in tumorigenesis (progression) as has been shown by others (see above) [112] and underscores once more the important role of UV radiation in melanomagenesis.
In summary, there is already good evidence that at least the expression levels of cell cycle regulator gene CDKN1A and DNA repair gene DDB2 might be good candidates for new biomarkers of melanoma development which must be further tested for functionality in the future.
Nonmelanocytic Skin Cancer
Basal Cell Carcinoma Three microarray analyses have been published until now. The first study involved a limited cDNA microarray representing only 1,718 genes [118] . A second recent study comprehensively evaluated already 54,675 gene transcripts in 20 BCC samples versus 5 normal skin samples [119] . A recent third investigation uses a 21-k cDNA microarray not only to compare gene expression in BCC versus normal tissue, but furthermore investigates the gene expression profile in different morphological presentations of BCCs (superficial, nodular and morpheiform BCCs) compared to normal skin epithelium [120] . Focusing on genes involved in established pathways of tumorigenesis [hedgehog, Wnt, transforming growth factor-␤ , apoptosis, calcium ion channel, mitogen-activated protein kinase (MAPK) and cell cycle pathways], the authors were able to identify 93 gene that were differentially expressed between all BCCs and normal skin, and were also involved in 1 or more of the established pathways. Seventeen genes were involved in the hedgehog pathway, 27 in Wnt-signaling pathway, 22 in transforming growth factor-␤ -signaling pathway, 22 in MAPK and 21 in cell cycling. Using a gene ontology (GO annotation), as given in the DAVID annotation system, it was furthermore possible to classify certain genes which were enriched in different subtypes of BCC. In superficial BCC, gene classes which were enriched show a significant as-sociation with 'external stimuli function' and possibly 'positive regulation of enzyme activity' according to the GO annotation. In nodular BCCs, gene enrichment was identified in the categories 'regulation of cell growth', 'cell growth' and 'chromosome segregation' among others. Two functional GO categories, 'ectoderm development' and 'response to DNA damage stimulus', were uniquely identified with statistically significant expression exclusively in mor pheiform BCCs. Where genes were commonly expressed in all 3 BCC subtypes, they showed the greatest fold change in morpheiform BCCs. The authors suggest this as an indication for morpheiform BCCs to be more 'aggressive' compared with superficial and nodular BCCs [120] .
Expression levels of genes involved in the hedgehog, Wnt signaling and MAPK pathway, which are known to be involved in the etiology of BCC might be useful as biomarkers in the future. The results presented above, however, show that differential expression of genes in certain stages of BCC is complex. Future research has to show whether the expression levels of certain few genes or perhaps an expression level network of many genes might serve as new biomarker.
Squamous Cell Carcinoma Using gene expression profiling (array techniques) or PCR technique, a number of genes and pathways have been identified which have been up-and downregulated during tumor progression of SCCs. When expression profiles were screened with cDNA arrays in normal epidermal keratinocytes, preneoplastic lesions and SCC cells, it was shown that 10 genes were up-and 27 downregulated, when the genome of neoplastic cells was compared to normal cells. Fifty-one percent of the genes altered in neoplastic cells were already altered in preneoplastic cells. PCR experiments verified the cDNA analysis and furthermore indicate that gene alterations in preneoplastic cells are associated with disruption of extracellular matrix production and apoptosis, whereas later stages of neoplasia involve alterations in genes for DNA repair (including GADD45 ) or MAPK signaling [121] . Quantitative RT-PCR measurements of mRNA expression in biopsies of normal skin, AK and SCC in 14 selected genes identified 10 of them to be dysregulated in AK and/or SCC. An upregulation was found for COX4I1, COX5B, COX7C and NDRG1, CRLF3 , and LMNA, while CNN2, CTSC (involved in respiration, communication, adhesion and metabolism), RPL15 and LGTN (involved in proliferation and adhesion) were downregulated [122] . In a study using the Affymetrix HG-U133A microarray technology (containing 22,283 genes), Nindl et al. [123] added further information to their previous results [122] . Expression profiling in biopsy material from normal skin, AK and SCC showed that, overall, 42 genes were up-and 76 downregulated in skin cancer. Interestingly, the majority of differentially expressed genes were not described earlier in a context of (skin) cancer progression. Thirteen genes, which were up-or downregulated, were furthermore verified by quantitative RT-PCR. Upregulation was shown for CDH1, MAP4K4, IL-1RN, IL-4R, NM1, GRN,  RAB31 , TNC and MMP1 . Downregulation was found for ERCC1, APR-3, CG1-39 and NKEFB .
Dazard et al. [124] added further evidence that UV radiation is the important environmental risk factor for the induction and progression of skin cancer. It was shown (gene expression profiling, approx. 12,000 genes; Affimetrix) that upon UVB irradiation at a dose of 400 J/m 2 (similar to the estimated UVB dose received in a sunburn) 251 genes were up-and 322 downregulated in normal human keratinocytes. In SCCs, the corresponding numbers are 127 and 117. Whereas the response of keratinocytes to UVB involved regulation of key checkpoint genes (p53, MDM2, p21Cip1, ⌬ Np63) , no or little regulation was observed in SCCs. Interestingly, the authors conclude that tumorigenesis of SCC is, among other reasons, dependent on epigenetic effects, at least for certain genes involved in SCC development.
Expression profiling in SCC uncovers a complex picture. Beside expected candidates like GADD45 and genes in MAPK signaling, a large number of yet unexpected genes are differentially expressed if SCCs are compared with normal skin. It has to be tested in future research if any of these expression changes or a combination of them might be useful as a functional new biomarker.
All in all, the recent data from expression profiling and other high-throughput technologies, which could not be touched upon in this review, show that we get more and more information about important cellular pathways, genes and proteins that can be used as biomarkers in etiology, diagnostics, progression and prognostics of different forms of skin cancer. However, it also turned out that no single method/assay might be powerful enough (at the moment) to define the best marker(s) which should be used and it remains unclear if such a best marker actually exists. Therefore, different and (even more important) combined approaches should be used to characterize new biomarker combinations. In this context, a field that has been neglected and underestimated in the last decades is the field of epigenetics and its essential role in gene expression regulation.
Epigenetic Markers for Molecular Epidemiology of Skin Cancer
The term epigenetics was first proposed in 1942 by Conrad Waddington. In this context, epigenetics described the process by which genotype is interpreted to yield a resulting phenotype [125] . More recently, epigenetics has been more commonly attributed to changes in gene expression without altering the gene sequence, such as chromatin organization and modification, including methylation [126] .
Epigenetic regulation plays a key role in developmental steps during embryogenesis and in the control of stem cell fate [127] [128] [129] [130] . Stochastic and environment-induced epigenetic modifications are known to be important steps in disease development (for example in mental and autoimmune disorders), cancer and aging [131, 132] . Recently, it could be shown that epigenetic gene alterations, like promoter CpG island hypermethylation, as well as certain histone tail modifications (acetylation, methylation) play an important role for gene expression related to tumorigenesis [133, 134] . Promotor CpG island hypermethylation in combination with global DNA hypomethylation has already been termed a hallmark of cancer because this epigenetic pattern has been found in many tumor cell lines compared to normal tissue cells [135] . The pattern of epigenetic histone modifications dictates a 'histone code' which is 'read' by the gene regulatory machinery and allows the cell to either facilitate or inhibit the transcription of target genes [126] .
CpG island hypermethylation and global hypomethylation in concert with the methylation of certain histone tails can lead to aberrant silencing of genes important to the initiation and progression of tumors [136, 137] . There is evidence that in cancer cells many classic tumor suppressor genes, developmental transcription factors as well as genes responsible for DNA repair and cell cycle control are simultaneously epigenetically silenced [138] , and that the loss of function of genes in tumors may have far more epigenetic causes than genetic ones [139] . This, and other findings, support the view that identifying new epigenetic markers will help to better understand skin cancer development and to characterize certain stages in tumor and (cancer) stem cell fate [36, [140] [141] [142] , which might be useful in early detection of skin cancer.
Aberrant DNA methylation is now thought to be one of the most common molecular alterations in many cancer cell types [143] . Molecular genetic studies show that, for example, the p16INK4a gene is frequently inactivated by 5 -CpG hypermethylation in primary central nervous system lymphoma [144] and also in cutaneous SCC [145] . Furthermore, the human p14ARF promoter is aberrantly methylated in esophageal carcinomas [146] , colorectal adenomas and carcinomas [147] , in gliomas [144] and also in cutaneous SCC [145] . Using methylation-specific RT-PCR, it was furthermore shown that in addition to p14 and p16 promotor hypermethylation also the CpG islands in promoters of the genes for retinoblastoma protein 1 and of E-cadherin (CDH1) , the latter being linked to tumor invasiveness and distant metastasis, are inactivated by hypermethylation in the DNA of SCCs [148] . E-cadherin promoter hypermethylation seems to be correlated with more advanced stages of SCCs. Eighty-five percent of invasive SSCs, but only 50% of SCCs [148] and 44% of actinic keratosis, compared to only 22% in nonneoplastic skin, have been shown to be promoter hypermethylated at the CDH1 locus in a study which, however, only examined a total of 33 cases (all stages of SCC together) [149] . Another recent study reports that CDH1 methylation in SCCs and BCCs was completely dependent on regions where the lesions had been taken from. Only lesions from sun-exposed parts of the human body showed CDH1 methylation. In BCC, the increase in methylation of the E-cadherin promoter was 390-fold [150] .
In MM, up to 50 genes have been shown to be silenced by promoter hypermethylation [126] . An important member in this group is the cyclin-dependent kinase inhibitor 2A gene (CDKN2A) coding for p16INK4a and p14ARF tumor suppressors. It controls the G 1 -S cell cycle checkpoint and can be repressed via chromosomal deletions of the 9p21 region, inactivation mutations and promoter hypermethylation [151] [152] [153] . van der Velden et al. [153] showed that p16INK4a was silenced in 32% of primary uveal melanoma and 50% of uveal melanoma cell lines. In primary cutaneous melanoma, a loss of p16 protein expression by hypermethylation of CDKN2A was found in 19% and in 33% of metastasis derived from melanoma [152] . Another tumor suppressor gene, methyltioadenosin phosphorylase (MTAP), is also repressed due to hypermethylation in melanoma [154] and MTAP protein is inversely correlated with tumor progression. Protein levels decreased from benign melanocytic nevi to metastatic melanoma in vivo [154] . A further tumor suppressor, whose expression is negatively correlated with progression of MM, is apoptotic protease activating factor-1 (Apaf-1), a cell death effector that mediates p53-dependent apoptosis [155] . Apaf-1 is silenced in melanoma by LOH and promoter hypermethylation, which leads to defects in apoptotic cell death [156] . Among the currently known approximately 50 genes which are hypermethyl-ated in melanoma, the CDH1 and CDH8 genes of celladhesion molecules E-cadherin and P-cadherin can be found, too [157] [158] [159] .
Beside hypermethylation, the opposite process, DNA hypomethylation, can also contribute to tumorigenesis. Hypomethylation can activate silenced regions in the genome, thereby activating the expression of, for example, harmful viral genes, repeat elements or genes which would normally be irreversibly silenced during development. Aberrant hypomethylation has been shown to disturb imprinting patterns and is also associated with chromosomal instability [126, 160] . In MM an aberrant expression of the melanoma antigen (MAGE) has been reported, which is associated with promoter hypomethylation [161] .
Epigenetic alterations in genes responsible for development, promotion and progression of skin cancer are most probably introduced via dysregulation of other genes which are coding for enzymes catalyzing the epigenetic changes in DNA or histones. Table 2 shows a number of important genes which play crucial roles in maintaining the correct epigenetic status to be dysregulated in melanoma [126] . DNMT1 is involved in the maintenance of established DNA methylation patterns. HDAC1 to HDAC3 belong to the family of histone deacetylases. They catalyze the deacetylation of specific lysine residues of histone proteins, which promotes the condensation of chromatin, associated with diminished accessibility and repression of gene transcription. Sirtuins comprise a family of NAD+ dependent HDACs and sirtuin1 has been shown to be involved in apoptosis pathways in melanoma. ERK2 (extracellular signal-regulated kinase 2/mitogen-activated protein kinase 1) phosphorylates histones and thereby either alters charge of the amino acid and/or facilitates binding of transcription or chromatin remodeling factors which lead to major changes in chromatin structure. In melanoma, a constitutive activation of the MEK/ERK pathway has been observed by an activating mutation of the BRAF gene. Metastasis-associated antigen 1 (MAT1) is part of an ATP-dependent chromatin remodeling complex and has been shown to be highly expressed in melanoma cell lines [126] .
It becomes clear from the data that dysregulation of these important genes (which by themselves might be seen as biomarkers) will be responsible for epigenetic changes in other genes which might then be used as further biomarkers.
A couple of investigations report growing evidence that epigenetic changes in (cancer) cells might be seen as a response to DNA-damaging agents (like, for example, UV radiation). Already in 1985, Becker et al. [162] reported that UVB-induced CPDs inhibited the maintenance as well as de novo methylation of viral and phage DNA in vitro by a purified liver methyltransferase. Four years later, it could be shown that another epigenetic modification, acetylation of N-terminal histone tails, plays an important role in DNA repair. Histone 4 in nucleosomes from human fibroblasts was transiently acetylated after UV(C) irradiation and facilitated repair synthesis which provide evidence that enhanced DNA repair occurs within nucleosome cores of hyperacetylated chromatin [163] . This has been confirmed by recent findings in yeast. Using chromatin immunoprecipitation, it could be shown that Lys-9 and/or Lys-14 of histone H3 in nucleosomes of the repressed MFA2 promoter become hyperacetylated after UV(C) irradiation of yeast cells. The level of UV-induced histone acetylation then gradually diminishes as repair of UV-induced CPDs proceeds. Accompanying this, chromatin in the promoter becomes more accessible to restriction enzymes after UV irradiation and gradually returns to the pre-UV state [164] . It has very recently been shown that in yeast the Gcn5 histone acetyltransferase is responsible for primarily H3 acetylation and that increased accessibility of restriction sites is mediated by the yeast chromatin remodeling enzyme Swi2 [165] . Global hypomethylation has been described in the UVB-irradiated SKH hairless mouse model. It was demonstrated that this was the result of a UV-induced downregulation of maintenance DNA methyltransferase DNMT1 in the mice [166] . On the other hand, hypermethylation of specific genes involved in DNA repair abolishes their response to environmental stresses, like UV radiation. As an example, the GADD45 (growth arrest and DNA damage) family of proteins and its corresponding genes (GADD45A to GADD45G) have been identified as rapidly induced by DNA-damaging agents, like methylemethan sulfonate, UV radiation, hydroxyurea and ionizing radiation, leading to inhibition of cell growth and induction of apoptosis [167, 168] . Interestingly, it has been shown recently that GADD45G could be induced by heat shock and UV irradiation in human cell lines with unmethylated CpG island promoter of GADD45G, but not in those cell lines of primary tumors, which were characterized by GADD45G promoter CpG island hypermethylation [169] .
Interestingly enough, it has been demonstrated in mouse C2C12 myoblasts and human HeLa cells that the maintenance methyltransferase, DNMT1, is recruited to sites of DNA repair after UVA laser-microirradiation of cells, thus pointing to a direct role of DNA methylation in the restoration of epigenetic information during DNA repair [170] , which is known to be an essential cellular process in the etiology of (skin) cancer [171] [172] [173] .
Furthermore, it has been pointed out in a very recent publication that a convergence of mutations and epigenetic alterations identifies genes in cancer that are fundamentally important for cancer initiation and progression, and predictive for clinical prognosis [174] . This combination of mutational alterations and expression profiling on a genetic and epigenetic basis will surely increase our knowledge about etiology, as well as diagnostic, prognostic and metastatic markers in skin cancer.
In conclusion, these findings strongly support the more and more emerging picture that CpG island hypermethylation in combination with global DNA hypomethylation must be seen as hallmarks of cancer [135] , and that these epigenetic alterations could be induced by UV radiation, the main risk factor for skin cancer.
Conclusion
Skin cancer is the most frequent cancer worldwide and represents a fundamental health problem for the public. However, the main risk factor for skin cancer initiation, UV radiation, is known and skin cancer can be cured to nearly 100% if diagnosed in an early stage. These facts render skin cancer most sensitive to programs of primary and secondary prevention (early detection). Early detection can be facilitated by the use of new biomarkers which can be identified by means of modern molecular genetic methods (such as gene expression array techniques). Recent findings show that the use of these methods identifies biomarkers on the gene, protein, chromatin and cell level as well as in signaling pathways, which have not been thought, until recently, to be involved in progression and metastasis of skin tumors or to be used as prognostic markers. Sensitive biomarkers, which characterize the molecular response to UV radiation, the main risk factor for skin cancer, will help to better understand the genetic and epigenetic regulation and/or dysregulation which will lead to skin cancer.
Because of the huge amount of new information which has been collected in the last years, the emerging picture is still complex, but common features, like the promoter hypermethylation of E-cadherin (CDH1) in BCC, SCC and MM appear and might indicate that certain changes can be used as biomarkers for all types of skin cancer. Nevertheless, any putative new biomarker has to be tested for its functionality under practical conditions in the clinics or in skin cancer prevention.
New biomarkers will, furthermore, help to clarify the role of (cancer) stem cells in the development and therapy strategies of skin cancer. Importantly, new epigenetic biomarkers alone or in addition to genetic markers will increase the possibilities to characterize stem cell fate and to identify different stages in skin cancer development. They have the big potential to improve early detection of skin cancer.
